Crystal growth and crystal coalescence processes in supercooled systems strongly depend on the concentration of crystallization centers. We perform atomistic dynamics simulations of the crystallization process in the ultrathin metallic film at different supercooling levels corresponding to supercooled liquid and amorphous solid states. Scaled relations are applied to identify the characteristic regimes in the time-dependent crystalline nuclei concentration: steady-state nucleation regime, saturation regime and coalescence regime. We show that the crystal growth at the saturation regime appears due to mixing nucleation and coalescence processes. We find that the crystallite coalescence realizes mainly through the mechanism of restructurization/absorption of crystal nuclei, whereas the mechanism of oriented attachment is manifested only at low levels of supercooling.
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I. INTRODUCTION
Crystal growth is complex process of formation of an ordered stable phase [1] [2] [3] . According to classical models [4] [5] [6] [7] [8] , crystalline nuclei (stable crystallization centers) grow by attachment of particles (atoms, molecules, ions) to their surface. This scenario is usually implemented at an early stage of the crystallization process, when there is no a direct contact between the growing nuclei due to the low concentration of these nuclei. Coalescence of two or more nuclei and subsequent formation of a new larger crystallite is another scenario of crystal growth, which occurs usually at large concentrations of the nuclei [9] [10] [11] . Understanding the nuclei coalescence mechanisms is of great importance from the viewpoint of new functional materials production 10, 12 . One of the most intriguing is crystal growth through a mechanism of oriented attachment. This mechanism is manifested in the crystallizing low-viscous supercooled liquids, and is detectable experimentally using high-resolution transmission electron microscopy [13] [14] [15] . According to this mechanism, coalescence of crystalline nuclei arises as a result of their mutual rotation and the subsequent decrease of their crystallographic misorientation 10, 16 . It was reported in Refs. 17, 18 , that the crystal growth through this mechanism was also found in crystallizing high-viscous systems such as glass-ceramics. Nevertheless, as was found, due to the very slow particle dynamics in viscous systems, the mechanism of oriented attachment is not decisive for crystal growth.
The present work is devoted to study the growth of crystalline nuclei in a model liquid at different levels of supercooling. The main attention is paid to reveal the role of the mechanism of oriented attachment in the crystal growth process.
II. ABOUT THE SYSTEM
We perform atomistic dynamics simulations of the crystallization process in an ultrathin metallic film. The simulated system is composed of N = 14 700 particles
The particles interact through the short-ranged oscillating Dzugutov potential 19 . Supercooling states are achieved by fast cooling of well equilibrated liquid sample to temperatures from the range T ∈ [0.5; 1.4] /k B at the pressure p = 15 /σ 3 . For this isobar, the glass transition temperature and the melting temperature are T g = 0.78 /k B and T m = 1.72 /k B , respectively. Cluster analysis and characterization of the local structure of the crystallizing system are performed by computing the local orientational order parameters 20 . Details of the simulation protocol are given in Ref. 21 . In the present work, all the quantities are expressed in terms of the parameters of the potential: the effective particle diameter σ and the energy parameter . The time unit is τ = σ m/ , where m is the particle mass; the temperature unit is /k B , where k B is the Boltzmann constant; the concentration unit is σ −3 .
III. RESULTS AND DISCUSSION
For considered thermodynamic (p, T )-states, the processes of crystal nucleation and crystal growth in the system under consideration are monitored over the time interval t 10 4 τ . For elementary metallic systems, this time interval is of the order of tens nanoseconds 22 , that is evaluated easily with the known parameters σ and of potentials and the mass m for these systems. Recently, we have shown that the crystallization process in the considered system starts with formation of the (criticallysized) crystalline nuclei, the size of which varies from n c 40 particles (at the temperature T = 0.5 /k B ) to n c 100 particles (at the temperature T = 1.4 /k B ) 21 . In this study, we will consider the growth of the supercritical crystalline nuclei, which are the nuclei of the size n larger than the critical size n c . Figure 1a shows the concentration C(t) of supercritical nuclei computed for the crystallizing samples at different temperatures. It is important to note that only supercrit- ical nuclei are taken in account to evaluate the quantity C(t) 21 . As seen from Figure 1a , for the (p, T )-states with all the considered temperatures, the time-dependent concentration C(t) demonstrates the common scenario: the number of nuclei increases rapidly, reaches a maximum value and then starts to decrease. As expected, with increase of the temperature T (i.e. with decrease of the supercooling level of the system), the maximum value of C(t) is achieved later. We denote location of the maximum of the function C(t) on the time scale as t max , whereas C max = C(t = t max ).
To compare the time-dependent concentrations at different temperatures we present these data in a rescaled form, namely, C(t)/C max vs. t/t max (see Figure 1b) . As seen, three regimes can be clearly recognized. The first regime corresponds to the times up to t/t max ∼ 0.1. The linear dependence C(t) ∝ t occurs for the regime, that is well-known scenario for the steady-state nucleation regime 1 . Here, there is a spontaneous increase the number of crystalline nuclei, which demonstrate resistant growth. The growth of these nuclei usually occurs by attachment of particles to their surface. In time, the concentration of the growing nuclei becomes so high that the nuclei begin to come in contact with each other. The second regime denoted as the saturation regime is started with the first event of the nuclei coalescence, that occurs at time τ g (0.1 ± 0.02)t max for the system at all the considered crystallization temperatures. At this regime, the structural ordering proceeds in a mixed manner through the crystal nucleation and the crystal coalescence, although the nucleation process prevails. The maximum of C(t) reveals the start of the next regimethe coalescence regime, where the coalescence process is of the main importance in the structural ordering.
Decrease of the concentration C(t) with time is the distinctive feature of the coalescence regime. We found that there are two mechanisms for nuclei coalescence, which differ from each other: the oriented attachment mechanism and the mechanism of the full absorption of the crystal nuclei by other growing crystal nuclei.
The events, where the nuclei coalescence proceeds through the mechanism of oriented attachment, are detected for the system at low supercooling levels (i.e. at the temperatures T > 1.0 /k B ). As an example, we show in Figures 2 the coalescence of the two crystallites as a process that develops over time. Initially, the angle, which accounts for the difference between the crystallographic directions in these crystallites, is about 12 degrees [ Figure 2(a) ]. The small difference in the mutual crystallographic orientation of the crystallites as well as their small size favor to coalescence process through this mechanism. However, the rotational movement of these crystallites is extremely slow [ Figures. 2(a-d) ], that is due to high viscosity and/or high density 21 . As seen from Figures 2, during the time period 4000 τ (from the moment t = 3000 τ to 8000 τ ), this misorientation an-
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Figure 2: Configurations of the system crystallizing at the temperature T = 1.2 /kB at different times: (a) 3000 τ , (b) 4500 τ , (c) 6000 τ and (d) 8000 τ . The solid lines indicate crystallographic directions for two crystallites, which will coalesce through the mechanism of oriented attachment. The misorientation angle, which accounts for the difference between these directions, is about 12 degrees at the time t = 3000 τ . During time from the moment t = 3000 τ to 8000 τ , the angle reduces to value 4 degrees.
4000 6000 8000 10000 Figure 3 : Snapshots of the system at different times and at the temperature T = 0.6 /kB. In lower panels, the color of the particles depends on value of the parameter d calculated by Eq. (1): the higher value of the parameter d for a particle, the closer the color to white. The dashed circle denotes the collapsing nucleus.
gle reduces only to value 4 degrees. We note that for extremely low density states, the mechanism of oriented coalescence is realized even when the initial angle is more than 40 degrees 23 .
Restructurization and absorption of small crystallites is other mechanism rival to oriented coalescence. This mechanism of the structural ordering is realized for the system at low as well as at deep levels of supercooling. In Figures 3(a-d) , we show the snapshots of the system crystallizing at the temperature T = 0.6 /k B ; here, each the snapshot is appropriate to the concrete time moment.
We note that the considered temperature state corresponds to a deep level of supercooling. The scenario of the structural ordering observed on this set of snapshots (the central part of the figures) is directly related to the mechanism of restructurization and absorption of a small nucleus. Since the process of crystal nuclei destruction should be accompanied by an increase of the mobility of the particles, then it is convenient to consider the parameter
which provides an estimate for the relative mean displacement for an each particle over the time window τ w = 10τ starting from the time moment t. Here, r i (t) is the trajectory of an ith particle during the time τ w = 10τ starting from the time moment t. The quantity λ = 1/ 3 √ ρ is the mean free path, and ρ is the numerical density of the system 21 . The angle brackets < ... > mean the time averaging. The larger mobility of the particles, the larger value of the parameter d. As seen in Figures. 3(eh) , the mobility of particles is higher in the boundary regions, where the processes of the particle attachment and detachment are pronounced. Note that due to the low mobility of particles at very deep levels of supercooling, polycrystalline structures are formed as a result of ordinary crystal nuclei coalescence 24 . In conclusion, we note that the specific regimes of crystallization related with crystal nucleation and different scenarios of the crystal nuclei coalescence can be revealed by means of the quantity which accounts for the timedependent concentration of crystalline nuclei. We have shown that these regimes are distinguishable both at low and at deep levels of supercooling. The coalescence of the growing crystal nuclei occurs by means of two rival mechanisms: the restructurization/absorption of crystal nucleus and the oriented attachment.
